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In the thermal oxidation reaction of Si, point defects (emitted Si atoms and its vacan-
cies) occur owing to oxidation-induced strain. These point defects become not only
charge traps that degrade device characteristics but also oxidation reaction sites. How-
ever, a reaction rate equation of a model in which point defects are regarded as reaction
sites has not yet been proposed. We investigated the O2 pressure dependence of the
initial interfacial oxidation rate Ri(0) after the oxidation of an Si(001) surface using
real-time Auger electron spectroscopy to establish the reaction rate equation based on
the point defect generation model. We found that Ri(0) was proportional to the square
root of the O2 pressure, and the initial deceleration of the interfacial oxidation rate
was proportional to the O2 pressure. Using the result of the pressure dependence of
Ri(0), we derived the reaction rate equation based on the Si oxidation model in which
O2 dissociation preferentially occurs at vacancies resulting from Si atom emission
at the SiO2/Si(001) interface. The prediction of the O2 pressure dependence of the
initial deceleration of the interfacial oxidation rate shows good agreement with the
experimental results. In addition, we predicted that there were two kinds of vacan-
cies at the SiO2/Si(001) interface to dissociate the O2 molecules. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5034395
I. INTRODUCTION
The dry oxidation of a silicon (Si) surface proceeds in a layer-by-layer manner.1,2 Therefore,
fine control of the thickness of the Si oxide layer on the Si surface can be achieved. Si layer-by-layer
oxidation is a phenomenon that is beyond the framework of the well-known Si oxidation reaction
model proposed by Deal and Grove3 and its extensions,4–6 in which the diffusion of O2 through the
SiO2 layers and the reaction of O2 at the SiO2/Si interface are taken into account as the rate-limiting
steps for thick and thin SiO2 layers, respectively. The reason that these models do not describe Si layer-
by-layer oxidation is that its rate decreases considerably depending not only on thickness Xo, but also
on the coverage of each oxide layer ✓0,1,7,8 although the range of Xo is at most approximately 1 nm for
the first four oxide layers on a Si(001) surface. To improve the framework of the Deal–Grove model,
the role of the intrinsic stress caused by the volume expansion during oxidation has been theoretically
considered in terms of O2 diffusion4,9–11 and Si atom emission.12,13 This is because the oxidation-
induced stress increases markedly as Xo decreases below 20–30 nm14 and is very large within 1–2 nm
of the SiO2/Si interface.15 However, no quantitative interpretation of the observed ✓0 dependence of
the oxide growth rate using a theoretical model with4,9,12 or without16,17 oxidation-induced stress has
been reported.
For thick oxides, Si atom emission at the SiO2/Si interface can be measured experimentally as the
oxidation-enhanced or -retarded diffusion of doped impurities, and the growth of oxidation-induced
aAuthor to whom correspondence should be addressed: ogasyu@tohoku.ac.jp
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stacking faults.18 Scanning tunneling microscopy19 and reflection high-energy electron diffraction
(RHEED)20 experiments have confirmed that even at the initial stage of Si(001) surface oxidation, Si
atoms can be frequently emitted on terraces of the Si surface. In addition, Rutherford backscattering
spectroscopy has revealed that the Si atoms emitted at the SiO2/Si interface appear on the oxide
surface during HfO2/SiO2/Si(001) oxidation,21 indicating that they readily move through the oxides.
In contrast, atomic vacancies of the Si substrate resulting from Si atom emission, which correspond
to so-called Pb centers,22 tend to remain near the SiO2/Si interface because of the slow diffusion of
vacancies in the Si substrate.23 Such generation of point defects (emitted Si atoms + vacancies) is
theoretically considered as a relaxation process of the oxidation-induced stress in the Si layer-by-layer
oxidation model.12,13 In our Si oxidation reaction model, in which the oxidation is mediated by the
generation of point defects at a SiO2/Si interface,8,24–26 both the emitted Si atoms and vacancies act
as O2 dissociation sites, as suggested by the reaction of H2 with the Pb centers27 and the reaction of
self-diffusing Si in SiO2 with O2,28 in addition to the role of stress relaxation. Using this model, we
have comprehensively explained a good correlation between the interfacial oxidation rate and oxide
decomposition rate in vacuum,8 because the emitted Si atoms react with the oxides to desorb volatile
SiO molecules from the oxide surface.
There are some previous theoretical researches,29,30 but the reaction rate equation at ultrathin
SiO2 with a thickness of less than 0.6 nm and a Si interface based on experimental results has never
been proposed. The construction of a quantitative reaction rate equation is required for the further
development of ultrathin Si oxide films. In this paper, we propose a reaction rate equation based on
a Si oxidation reaction model in which the oxidation is mediated by the generation of point defects.
For this purpose, we measured the SiO2/Si(001) interfacial oxidation rate, Ri(t), as a function of O2
pressure (PO2) using time-resolved Auger electron spectroscopy (real-time AES) to provide further
experimental confirmation of the unified Si oxidation reaction model. In Si(001)2⇥1 surface oxidation,
O2 dissociation preferentially occurs at the dimer dangling bonds with no apparent activation energy
barrier,31 indicating that the supply of O2 molecules impinging on the surface is a rate-limiting step
of the oxidation. This is consistent with the linear PO2 dependence of the oxygen uptake rate for the
case of Langmuir-type adsorption with no SiO desorption at temperatures lower than approximately
600  C.32 In the present oxidation experiments, PO2 increases quickly after interfacial oxidation
begins when the dimer dangling bonds are no longer available as the O2 dissociation sites. Using
real-time AES measurements, we investigated the change of Ri(t) with increasing PO2. In this paper,
the surface oxidation and interfacial oxidation correspond to “first Si layer oxidation” and “second
Si layer oxidation” in layer-by-layer oxidation,1 respectively. We defined the surface oxidation as the
oxidation on the Si(001) 2⇥1 surface (partially oxidized surface) on which dimer dangling bonds still
remain, and interfacial oxidation as the oxidation after the Si(001) surface is completely covered by
oxides.8,25,26
II. EXPERIMENTAL METHODS
The interfacial oxidation rate measurements were performed on a reflection high-energy electron
diffraction (RHEED) combined with AES apparatus into which O2 gas of up to ⇠1 ⇥ 10 2 Pa could
be introduced. The base pressure of the apparatus was 5 ⇥ 10 9 Pa. The full details of the apparatus
are described in other works.8,20 For the AES measurements, a primary electron beam of 10 keV was
incident at an angle of⇠1  along the <100> azimuth. The O KLL Auger electron intensity IOKLL was
obtained by normalizing the peak intensity at a kinetic energy Ek = 506.0 eV with the background
intensity at Ek = 529.5 eV to eliminate the effects of fluctuations of the current and position of the
primary electron beam.
A boron-doped p-type Si(001) wafer with a resistivity of 0.01–0.02⌦cm was used as the sample
for oxidation experiments. After it was introduced into the apparatus, the Si substrate was annealed
at 1000 C for 10 min to remove any oxides, and 2⇥1 reconstruction was then confirmed using
RHEED. The cleaned Si(001) 2⇥1 surface was oxidized with O2 gas (99.99% purity) at a pressure of
1.5 ⇥ 10 6 Pa at 400 C. O2 gas was introduced into the apparatus through a variable leak valve, and a
constant pressure was maintained by maintaining an equilibrium state between the gas supply and the
exhaust pumping speed. The O KLL Auger spectrum of the sample was measured repeatedly every
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10 s during the oxidation, and the time evolution of the IOKLL was obtained. When the Si(001) surface
had been completely oxidized, the O2 pressure was increased. The O2 pressure on the Si surfaces was
measured using a Bayard-Alpert (BA) ionization gauge, but its value was carefully calibrated from
the oscillation of the RHEED spot intensities on the Si(001) 2⇥1 surfaces.33 This is because that the
gauge was attached far from the sample to avoid the dissociated O atoms generated at the filament of
the BA ionization gauge from affecting the oxidation reaction, so that there was a difference between
the “true” pressure on the Si surface and the value of the BA ionization gauge. The O2 pressure was
increased to the target value within 10 s.
III. EXPERIMENTAL RESULTS AND ANALYSIS
Figure 1(a) presents the time evolution of O KLL Auger electron intensity IO-KLL obtained in
situ during oxidation under a constant O2 pressure of 1.5⇥10-6 Pa. The initial rapid increase was
fitted well using the following equation based on a Langmuir-type adsorption model,8,32,34
IO KLL =A0
⇣
1   e k0t⌘ , (1)
in which A0 and k are the saturation level and reaction probability, respectively. In Fig. 1(a), IO-KLL
is normalized by A0. The agreement between the data and the simulation using eq. (1) becomes poor
at ⇠3000 s, indicating the start of interfacial oxidation in accordance with the disappearance of half-
order RHEED spots because of the 2⇥1 structure.7 Compared with the oxidation rate during surface
oxidation, the interfacial oxidation rate is remarkably small because the increase rate of IO-KLL after
3000 s is slower than that before 3000 s. To accelerate the interfacial oxidation, the O2 pressure
was rapidly raised from 1.5⇥10 5 Pa to higher pressure (Pi) at 3000 s, when the surface oxidation
was practically complete, as depicted in Fig. 1(b). From the previous study, the amount of emitted
Si atoms during the surface oxidation on the Si(001) surfaces was estimated to be approximately
FIG. 1. Time evolutions of O KLL Auger electron intensity during oxidation at 400  C. The O2 pressure was (a) maintained
at 1.5⇥10 5 Pa during the surface and interfacial oxidation, and (b) increased from 1.5⇥10 5 to 1.5⇥10 3 Pa upon starting
the interfacial oxidation.
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2.7⇥1014 atoms/cm2.20 The thickness of the oxide films after complete surface oxidation was less
than 0.5 nm,26 so the O2 molecules could easily reach the oxide/Si interface. Therefore, the O2
pressure at the oxide/Si interface can be assumed to be the same as Pi. Pi was changed from 3.0⇥10-5 to
1.5⇥10-3 Pa to investigate the dependence of the oxidation rate on Pi. IO-KLL increased with increasing
O2 pressure but decreased rapidly with interfacial oxidation time. Therefore, the simulation of IO-KLL
during the interfacial oxidation for the whole interface oxidation time range examined empirically
requires at least two exponential equations,26
IO KLL =A1
⇣
1   e k1t2 ⌘ + A2 ⇣1   e k2t2 ⌘ , (2)
in which t2 is the interfacial oxidation time (t2 = t   3000). The interfacial oxidation rate Ri(t) can
be obtained from the time differentiation of eq. (2),
Ri(t2)= dIO KLLdt =A1k1 · e
 k1t2 + A2k2 · e k2t2 . (3)
Because the effect of rapid O2 pressure increase on Ri(t2) decreases with t2, we first focused on the
initial interfacial oxidation rate (Ri(0)), which is given by A1k1+A2k2 according to eq. (3).
The dependence of Ri(0) on Pi is summarized in Fig. 2. Here, the unit of oxidation rate is
ML/s. The unit ML indicates the coverage of oxide in the second-Si layer from the Si(001) surface
(1 ML = 6.8⇥1014 atoms/cm2). The details of the calculation of ML from AES intensity are summa-
rized in a previous paper.8 In a double logarithmic graph in Fig. 2, Ri(0) showed a linear correlation
with Pi, so that Ri(0) can be approximated by eq. (4).
Ri(0)=B · PCi , (4)
When the values of B and C were 0.11 and 0.5, respectively, we obtained good agreement between
experimental data and eq. (4), as shown in Fig. 2. The experimental result that Ri(0) was not pro-
portional to Pi and proportional to Pi0.5 was remarkable. If the rate-limiting process in the oxidation
reaction at the SiO2/Si(001) interface was the diffusion of O2 molecules in the oxide, we cannot
explain this experimental result. If the amount of supplied O2 molecules from the oxide surface
doubles, the amount of O2 molecules reaching the interface should also be doubled. Therefore, it is
suggested that the O2 molecules react with the Si atom not directly at the interface but through some
process.
The time evolution of Ri(t2) is shown in Fig. 3(a). As the oxidation progresses, the oxidation rate
Ri(t) rapidly decreases. When the O2 pressure was raised from 1.5⇥10 5 to 1.5⇥10 3 Pa, Ri(t) was
smaller than that for the O2 pressure increase to 1.5⇥10 4 Pa at approximately 250 s and that for the
constant O2 pressure at 1.5⇥10 5 Pa at ⇠480 s. As a result, Ri (t2 = 3000 s) displayed a reverse order
with respect to Pi. Such a difference in the oxidation rate may depend on the oxide film thickness,
because a thicker oxide is formed under higher Pi conditions. Therefore, to quantitatively evaluate
FIG. 2. O2 pressure dependence of the initial interfacial oxidation rate Ri(0) (oxide growth rate) at the start of the interfacial
oxidation. The dashed line indicates a square root dependence on Pi.
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FIG. 3. (a) Time dependence of the interfacial oxidation rate at O2 pressure (Pi) of 1.5⇥10 5, 1.5⇥10 4, and 1.5⇥10 3 Pa.
(b) Pi dependence of the change of the oxidation rate at the start of interfacial oxidation. The straight line indicates a linear
dependence on Pi.
the deceleration of the interfacial oxidation rate at the start of the interfacial oxidation, eq. (3) was
further differentiated with oxidation time to obtain the initial deceleration of the interfacial oxidation
rate ↵(0) at t2 = 0.
↵(0)=  dRi(t2)dt2
     t2=0 =A1k12 + A2k22, (5)
Because the oxidation rate decreases at the start of interfacial oxidation, ↵(0) shows a negative
value. However, to make the data analysis easy to understand, ↵(0) was inverted to positive. The Pi
dependence of ↵(0) is shown in Fig. 3(b). Similar to Ri(0), ↵(0) also showed a linear correlation with
Pi in double logarithmic graph. Therefore, ↵(0) can be represented as below equation.
↵(0)=D · PEi , (6)
When the values of D and E were 0.161 and 1.0, respectively, we obtained a good agreement between
the experimental data and eq. (6), as shown in Fig. 3(b). From the experimental results, Ri(0) was
proportional to Pi1/2, and ↵(0) was proportional to Pi. In the next section, these results will be
explained by using our Si oxidation model, in which the oxidation is mediated by point defects at the
SiO2/Si interface.
IV. DISCUSSION
Our proposed Si oxidation reaction model in which the oxidation is mediated by the generation
of point defects at a SiO2/Si interface,8,24–26 is shown in Fig. 4. In Si(001) surface oxidation, the
O2 molecules that have reached the Si(001)2⇥1 surface are dissociated by dimer dangling bonds,31
and the dissociated O atoms are inserted into the dimer back bonds.35 It has been reported that the
oxidation reaction rate decreases markedly on the H terminated Si surface without dangling bonds,36
so dangling bonds play a very important role in the Si oxidation reaction. There are no dangling bonds
at the ideal SiO2/Si(001) interface, but on actual interfaces, point defects are generated to relieve the
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FIG. 4. Schematic illustration of the Si oxidation model in which the oxidation is mediated by vacancies. (a) The O2 molecule
reaches the vacancy generated by oxidation-induced strain. (b) The O2 molecule is dissociated at the vacancy like dangling
bonds on a Si(001) 2⇥1 surface. (c) The dissociated O atoms oxidize not only the Si-Si bonds but also the vacancies, and the
vacancies disappear. (d) Further oxidation-induced strain is generated by oxidation of the vacancy and the Si-Si bond. As a
result, another vacancy is generated to relieve the strain.
oxidation induced strain, and vacancies that have dangling bonds are present at the interface. O2
molecules incorporated from the SiO2 surface diffuse through the oxide and reach the vacancies
present at the SiO2/Si interface. At this time, as in the case of the Si(001) surface, O2 molecules are
dissociated by the dangling bonds of the vacancies (Fig. 4(b)), and it is thought that they become
O atoms and oxidize nearby Si atoms (Fig. 4(c)). The emitted Si atoms also act as O2 dissociative
sites, so it is necessary to consider not only the SiO2/Si interface but also the oxidation reaction in
the oxide film. However, the oxidation-induced strain generated by the oxidation of the emitted Si
atoms in the oxide is small because the strain can be absorbed by the change in the Si-O-Si bonding
angle of SiO2. Conversely, suboxides at the interface have at least one Si-Si bond that cannot be angle
modulated, so that oxidation of the vacancies generates a larger strain than that of the emitted Si
atoms.25 In the present reaction model, because the continuous generation of point defects, as shown
in Fig. 4(d), is considered to be the main factor, the generation of point defects owing to the oxidation
of the emitted Si atoms in the oxide is not considered in the following discussion for the sake of
simplicity.
When only the dissociation of O2 molecules owing to vacancies is considered, the chemical
reaction equation is as follows.
1
2
O2 + Vac + (Si   Si) k3 !O + (Si   Si) k4 !Si   O   Si k5 !Vac + emitted Si atom (7)
Here, V ac is the vacancy at the interface, k3 is the reaction probability of O2 dissociation at the
vacancy. The O atoms are generated by O2 dissociation and then react with Si atoms. Because the
oxidation of Si substrates by atomic O proceeds much faster than the oxidation reaction with an
O2 molecule,37,38 it is considered that the oxidation probability k4 is overwhelmingly larger than k3.
Namely, it is considered that the interfacial oxidation rate was limited by the O2 molecular dissociation
probability k3. Therefore, it was assumed that k3 was equal to the reaction probability of the interfacial
oxidation. In this model, the desorption of an O atom from the Si-O-Si bond and the generation of
O2 by the recombination of two O atoms were taken into account in k3 and k4 as the reverse reaction,
respectively. In addition, extraction of O atom from the Si-O-Si bond was also taken into account in
k5 as the reverse reaction.
When the interfacial oxidation proceeds as a result of the elementary process shown in eq. (7), as
described above, the interfacial oxidation rate is determined by k3 and the concentration of vacancies
and oxygen. The interfacial oxidation rate Ri(t) can be expressed as follows.
Ri(t)= k3[V ][O2]1/2 (8)
Here, [V] is the vacancy density, and [O2] is the O2 molecules concentration at the interface. The
assumption that the Ri(t) is proportional to the 1/2 power of the O2 concentration is based on the
experimental result shown in Fig. 2. Because O2 diffusion through the oxide is not limited because
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the oxide thickness is as thin as 0.5 nm,26 [O2] is considered to be proportional to the O2 pressure
Pi. Also, if the vacancy density at time t is represented as NV(t), eq. (8) can be rewritten as follows.
Ri(t)= k3 · NV (t) · (a · Pi) 12 (9)
Next, the temporal change in the vacancy density was considered. O2 molecules are dissociated
into O atoms by vacancies present at the SiO2/Si interface, and oxidation proceeds at the interface.
The vacancy is oxidized by the dissociated O atoms and disappear. Therefore, it was assumed that
the disappearance rate of the vacancies was equal to the oxidation rate. Conversely, as the oxidation
progresses, the oxidation-induced strain again occurs and new vacancies are generated at the interface.
Considering the vacancies that disappear and are newly generated at a rate of k7, the temporal change
of the holes can be written by the following equation.
dNv(t)
dt = k3 · Nv(t) · (a · Pi)
1
2 + k5

k3 · Nv(t) · (a · Pi) 12
 
(10)
The first and second term on the right side in Eq. (10) correspond to the vacancy disappearance and
generation, respectively. This differential equation can be analytically solved, and its solution is as
follows.
Nv(t)=Nv(0) · exp

 k3 · (a · Pi) 12 · (1   k5) · t
 
(11)
Here, Nv (0) is the vacancy density at the completion of the surface oxidation. It is thought that Nv(0)
strongly depends on conditions of the surface oxidation (oxidation temperature, O2 pressure), because
it has been reported that the interfacial oxidation rate depends on the surface oxidation temperature.25
Substituting eq. (11) into eq. (9), the oxidation rate can be written,
Ri(t)= k3 · (a · Pi) 12 · NV (0) · exp

 k3 · (a · Pi) 12 · (1   k5) · t
 
(12)
By substituting t = 0 into the eq. (12), the initial interfacial oxidation rate (Ri(0)), can be obtained.
Ri(0)= k3 · (a · Pi) 12 · Nv(0) (13)
Naturally, Ri(0) is proportional to the 1/2 power of Pi because we initially assumed that Ri(t) was
proportional to the 1/2 power of Pi in eq. (8). Using this result, we tried to explain the Pi dependence
of ↵(0). When eq. (12) is time-differentiated and t = 0 is substituted, the initial deceleration of the
interfacial oxidation rate ↵(0) can be obtained.
↵(0)=  dRi(t)dt
     t=0 = k23 · (1   k5) · Nv(0) · (a · Pi) (14)
From this equation, the result that ↵(0) is proportional to O2 pressure was obtained. By using our
reaction model, it was possible to derive the result that ↵(0) is proportional to Pi from the result that
Ri(0) is proportional to the 1/2 power of Pi. Therefore, the reaction rate equation proposed by us can
explain the experimental results.
By temporally integrating Ri(t), it is possible to determine the time evolution of the oxide film
thickness di(t).
di(t)=
⌅ t
0
Ri(t)dt
=
Nv(0)
1   k5

1   exp
✓
 k3(1   k5) · (a · Pi) 12 · t
◆  (15)
Eq. (15) and (2) are both exponential functions. However, there are differences in the number of
exponential terms in both equations. Actually, the temporal changes of not only the O KLL intensity
in Fig. 1(b) but also the oxide thickness measured by XPS could not be fitted using eq. (15),39 so
that at least two exponential terms are required to describe the proceed of the interfacial oxidation.
Here, it is assumed that there are two types of interface defects that dissociate O2 molecules. That is,
we assumed that two types of defects Nva(t) and Nvb(t) are included in Nv(t). Using this hypothesis,
eq. (15) can be modified as follows.
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Nv(t)=Nav (t) + Nbv (t)
) di(t)=
Nav (0)
1   k5

1   exp
✓
 k3(1   k5) · (a · Pi) 12 · t
◆ 
+
Nbv (0)
1   k5

1   exp
✓
 k 03  1   k 05  · (a · Pi) 12 · t◆  (16)
Here, k’3 and k’5 are the dissociation reaction probability of the O2 molecule and the defect generation
probability at the point defect Nvb, respectively. Since eq. (16) contains two exponential terms, we
can describe the thickness change of the interface oxidation process of eq. (2). It is not clear what the
two types of defects are, but there are some candidates (for example, Pb0 and Pb1,40,41 or Pb0 and E’
centers). Further research is needed to be clear the kinds of defects.
V. CONCLUSIONS
RHEED combined with AES was used to measure the interfacial oxidation rate during Si(001)
layer-by-layer oxidation in real time. When the O2 pressure was rapidly increased up to Pi, the initial
interfacial oxidation rate was proportional to Pi1/2 but decreased more rapidly with oxidation time
and a larger initial oxidation rate. The initial deceleration of the interfacial oxidation rate depended
linearly on Pi. Using the experimental result that the initial interfacial oxidation rate was proportional
to Pi1/2, we quantitatively interpreted the interfacial oxidation rate equation based on the Si oxidation
reaction model in which O2 dissociation occurs at vacancies resulting from Si atom emission at the
SiO2/Si interface. From this rate equation, the result that the initial deceleration of the interfacial
oxidation rate was proportional to Pi was obtained, which agreed with the experimental result. This
confirmation of the Si oxidation reaction model enables us to explore the Si oxidation from the
viewpoint of oxidation-induced point defect generation at the SiO2/Si(001) interface. In addition,
from the time evolution of O KLL Auger electron intensity during the interfacial oxidation, it is
predicted that there are two kinds of vacancies at the SiO2/Si(001) interface to dissociate the O2
molecules.
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